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ABSTRACT: We have investigated the effect of the length of multiwalled carbon nanotubes (MWNT) on the
dewetting dynamics of thin polymer films. The results indicated that long nanotubes were much more effective
than short nanotubes in stabilizing the films against dewetting. The diffusion of polymer chains in the filled
matrices was measured using neutron reflectivity, and the result indicated no significant effect on the diffusion
coefficient by either short or long nanotubes. We therefore proposed a model whereby the nanotubes did not
interact with the individual polymer chains. On the other hand, the long nanotubes formed an effective entangled
network, which prevented long-range motion of the polymer films upon dewetting. This model was supported by
rheological experiments on bulk samples where the nanotubes had a strong effafdhe polymer and only

a negligible effect orG".

Introduction the addition of 2% (by weight) SWNTs. They attributed this
behavior to network formation, which yielded a gel-like
rheological response and hence was able to explain the enhance-
ment in the flame retardant behavior they obsejddere, we
propose that the network formation may also enhance the
stability of thin films containing nanotubes against dewetting.

Thin polymer multilayer films are increasingly being used
for numerous applications ranging from dielectric and optical
coatings to electronic packagifg? Because most polymers are
immiscible, the interfacial tension between the layers can be
unfavorable leading to dewettifgRecently, several research ’
groups have demonstrated that the addition of nanoparticles into ' this work, therefore, we study the effect of nanotube length
the matrix can control dewettirfy® Barnes et af.have shown ~ @nd nanotube loading on the dewetting behavior of polymer
that the addition of fullerene () fillers can stabilize ho- thlnfllms_and corre_late the re_sults with diffusion measurements
mopolymer films against dewetting due to surface interactions Where single chain dynamics are measured. To probe the
between the silicon substrates and the particles that can pin thdlYPothesis of network formation, we also investigate the
polymer chains. Xavier et &ldemonstrated that dewetting can  differences between films containing long entangled MWNTs
also be controlled even in the case when particles/matrix ((-MWNTSs) and short straight MWNTss(MWNTs), which
interactions were unfavorable simply by controlling the relative c@nnot form networks. We show that th&/WNTs are more
size of the particles and the polymer chains. Here, we effective at stab|I|Z|n_g th_e f|Im§, V\_/h_|Ie neither short nor long
demonstrate that the aspect ratio of the filler can also affect M\WNTs affect the diffusion of individual polymer chains. To
dewetting by changing the rheology of the dewetting layer. ~ compare with bulk phenomena, rheological measurements were

Fullerene pipes or carbon nanotubes (CNTSs), consisting of also performed on melt blended samples contaisiVg/VNTs

the same chemical structure as thg, @ave received consider- and |-MWNTSs. The results confirm the previously suggested
. A ' i . model?2for formation of a nanotube network where the mesh
able attention due to their unique rheological propeftiésDu

et all%investigated the influence of the single-walled nanotubes size can be an important factor in the polymer dynamics.
(SWNT) on the viscoelastic properties of the composites. They
reported that at low frequencies, they found an increase in the
storage modulus@’) for concentrations as low as 0.5% (by Materials. Commercially available multiwall carbon nanotube
weight), while at high frequencie§' was unaffected even by ~ (MWNT) (Nanostructured & Amorphous Materials, Inc., USA),
and polystyrene (PS) and poly(methyl methacrylate) (PMMA), as
well as their deuterated analogues, were used in these experiments.
* Corresponding - authors.  E-mail: - kwshin@sogang.ac.kr (K.S.); The specifications regarding the polymers used are listed in

Experimental Section

mrafailovich@notes.cc.sunysb.edu (M.H.R.). Table 1
T Department of Materials Science and Engineering, State University of o .
New York at Stony Brook. Purified MWNT. MWNTs were produced by the chemical
* Chemical and Molecular Engineering Program, State University of New vapor deposition (CVD) method. The nanotubes have an average
York at Stony Brook. o diameterd, = 25 + 5 nm. The MWNTs were purified by the
B §Dkepartment of Chemistry, State University of New York at Stony  ,i4izing acid treatment method developed by Smalley &€ al.
rﬂosdgang University. MWNTs (100 mg) were immersed in 100 mL of concentrated 3:1
U Sejong University. solutions of sulfuric acid (k50,) and nitric acid (HNG). The
#NIST. MWNT suspended solutions were kept in an ultrasonicator (Bran-
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measured by using an Olympus optical microscope. To measure
the detailed morphology of the dewetting holes, we also used an
PMMA (62k) i atomic force microscope (AFM) (Digital Instruments, USA) with

a silicon nitride tip. The underlying structure of the substrates after
the dewetting occurred was measured by placing them in cyclo-

(a) PS (4000K) A

Si Wafer <¢—

(b) PS (4000K) s hexane for 10 min, which dissolved only the PS layer.
PMMASMWNTS <] - Neutron Reflectivity. The specular neutron reflectivity (NR)
) experiments were conducted with the NG7 reflectometer at the Cold
Si Wafer <¢—| Neutron Facility of the National Institute of Standards and Technol-

) ) = ) ogy (Gaithersburg, MD) with a wavelength)(of 4.76 A andA1/A
Figure 1. Schematic of the sample geometry for the dewetting ~ 0.025. The vertical slits were adjusted as a function of the

exgerimenf. (@) A liquid FI’D SMIMA IaXe_r : f?' is dspun-cas; ﬁ”tg the  scattering wave-vector transfeg)to fix the resolution at a constant
E; esrtr?tf"ro m\?eritYIZ?gl:ﬁe effei%eorf Mi/\llsNTosaéi d%r\:vfeotgno :j %ar?wtit:osm value of Ag/q, ~ 0.03, while the size of the horizontal slits was
yer. g gdy ' set to 30 mm. The NR was measured as a functioq, of (47/1

the bottom PMMA layer is filled with nanotubes. ) . . A
sin #), where# is the grazing angle of incidence. The samples were
Table 1. Characteristics of Polymers Used in This Study placed in a high-vacuum, temperature-controlled chamber, specially
designed for NR experiments.

. sample M Mu/Mn souree The modeling and fitting of the reflectivity were carried out based
dewetting PS 4000 000 1.05  polymersource  on an error-function model density profilgz) perpendicular to
- PMMA 62 000 107 po'lymer sourceé  the sample surface. The physical quantities to fit the data are the
diffusion :;V'MMMAA gg 5088 1153? gglgnT:rr Ssé’:'rrgg thicknesses, the interfacial root-mean-square (rms), roughass (
bulk theology ~ PMMA 100000 ~3 Polysciences and the scattering length density (SLD) corresponding to the elastic

coherent-scattering per unit volume, which is crucial for the study
of the multilayer system. To provide a good contrast between the

sonic Co.) fo 3 h at 70°C, followed by stirring first fo 5 h at 55 L :
°C, and then for 43 h at 38C. To produce the shorter multiwalled ?g;{;n,\j/&)pv?g? L?Srér&t?rqf?éi’t;joenuirf.?éggvﬁgl)é(tT;tehSyl methacrylate)

nanotubes¢MWNTSs), further sonication was applied for another For the sample preparation, a blend of 60% PMNWA, (= 85K)

2 days at 70°C in acid solution. The acid-treated MWNTS 4500 4ppMA (M, = 86.5K) was first dissolved in toluene, and

suspension was diluted with 150 mL of deionized (DI) water and then a suspension of MWNTS (0.5 ma/mL) in DMFE was added in
filtered in a 0.1um PVDF membrane (Millipore, USA). In the final the polym(fr matrix (in the ratic() 6f 0.%% b)y weight of MWNTS)

step of purificlation., we added hydrochloric acid (HCI) to terminate where the final volume fraction of DMF is assured to be less than
with carboxylic acid groups rather than carboxylate groups at the 450, “rpis solution was then spun-cast onto the surface of a thick
opened ends of the purified MWNTs. The MWNT suspension was Si Wéfer and the second layer of the PMMIL{ = 85K, My/M
filtered several times to remove the acid, followed by drying under _ 1.09) ’with the same amgunt of nanotubes was allsowspan-cast

1Eit:1ee \;"’(‘Sngg: at 80C overnight, grinding every hour to obtain a onto a clean glass slide and carefully floated from DI water onto
: ) the bottom layer substrate.

Sample Preparation.PMMA was chosen as the bottom layer Bulk Rheological Measurement.The PMMA for the polymer
becausg t'he more polar PMMA is known to segregate preferentially matrix was purchased from Polyscienckl, & 100K, PDI= 3.0).
to the Si interfacé® The sample geometry is shown in Figure 1. The nanocomposites were prepared by the coagulation méthod.
PMMA (My = 62K, My/M, = 1.07) and oxidized MWNT were ¢ \wNTs (the mean lengtke 310 nm) and-MWNTSs (the length
dlsp(_ersed in the dlmethylformaml_de (DMF) (Aldrich), in ratios >2 um) were dispersed in DMF (1 mg/mL) with an ultrasonication
ranging from 0.02% to 1% by weight of MWNT. The solutions ¢4 30 min. Based on the desired weight percentage, an appropriate
were clear and stable for at least 1 month, indicating that the 4, aniity of PMMA was dissolved in the nanotube suspension, and
nanotubes were well dispersed in the PMMA solution, during the pyvE was added to the MWNT/PMMA mixture to give a final
time of the experiment. concentration of 50 mg/mL. Subsequently, the suspension was

Polished 20Qum thick Si (100) wafers were purchased from dropped into the deionized water with stirring (a volume ratio of
Wafer World (West Palm Beach, FL) and partitioned te 2 cn¥ the suspension and water is 1 to 10). The precipitated PMMA/
samples. The surfaces were treated with a modified Shiraki MWNT mixture was collected on the cellulose filter paper
technique: the substrates were immersed i@ #,0,:H,SO; (3: (Whatman, USA) and dried overnight in a vacuum at 120 The
1:1 vol) for 10 min at 80°C, rinsed in deionized water, and  dry powder was mixed again using a Brabender twin-screw melt-
immersed in HO:HF (5:1 vol) for 30 s at room temperature to  mixer at 180°C with a mixing speed of 100 rpm for 10 min to
remove organic residue. improve dispersion. For the rheological samples, we placed the

The solution was heated to 8C before spinning to increase  mixture samples in 25 mm diameter, 1.5 mm thick, cylindrical
the evaporation rate of the DMF, which is necessary to produce molds of stainless steel covered with heat resistant Kapton films
high-quality films. The warm solution containing the nanotubes was and pressed for 20 min at 188C. Small strain oscillatory
rapidly spun-cast onto HF etched Si wafers. The samples were thenrheological measurements were carried out using a Physica MCR
annealed at 138C in a vacuum of 10® Torr for 3 h toremove the 301 strain-controlled rheometer, manufactured by Anton-Paar
residual solvent and relax strains induced by the spinning process.(USA). A constant strain amplitude (0.5%) was applied in all
The thickness of the layers, 1180 50 A, was measured using  dynamic measurements. All measurements of the frequency sweep
ellipsometry. PSNl,, = 4000K,M,,/M, = 1.05) dissolved in toluene  (0.01 < w < 10 rad/s) were performed at 20C under the flow
was spun-cast onto a glass slide (a film is 35@0 A thick) and of nitrogen to avoid the degradation of polymer matrices.
carefully floated from DI water onto the PMMA substrate (these Tunneling Electron Microscopy (TEM) Characterization.
molecular weights were chosen such that the conditions for plug TEM analysis was performed on a Philips CM12 TEM operation
flow dewetting specified in ref 4 were met). Control samples, on at 100 keV. The sample was prepared by spin casting the PMMA
substrates without nanotubes, were prepared using the samesolution containing 1 wt %-MWTNs on the Si wafers and was
procedure. After preparation, the films were allowed to dry at room annealed at 173C for 5 h. The films were then floated from the
temperature overnight before annealing. To initiate dewetting, the sodium hydroxide solution onto carbon-coated Cu grids and dried
PS/PMMA bilayer samples were annealed at a fixed temperature under the vacuum at room temperature for 2 days. Figure 2a shows
of 195°C in a high-vacuum oven where the vacuum was maintained TEM images of the thin films where we can see that the length is
at 107 Torr at all times. The samples were then quenched to room indeed longer than 2Zm, forming an overlapping network, but a
temperature, and the diameters of the dewetting holes werelittle amount of the catalysts (or impurities) still remained even
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Figure 2. TEM images of (a) 1%-MWNTSs (by weight) in the PMMA
film after annealing fo5 h at 175°C, (b) 0.5%s-MWNTs (by weight)

in the PMMA bulk, (c)sMWNTs deposited on TEM grid, and (d)
their length distribution histogram.

e Figure 3. Typical optical microscope images of dewetting holes from
after the purlflcatlon. We also prepared the T.EM sample for the a bilayer sample of a 4000K PS floated on a 62K PMMA layer after
s MWNTSs by dropping the nanotube suspension (0.2 mg/mL) in 5nnealing at 195C for (a) 2 and (b) 4 h; PS on PMMA film with 1%

DMF on the carbon-coated Cu grid, followed by drying it in the |.\MWNTSs for (c) 3 and (d) 6 h; and 1%MWNTSs for () 3 and (f) 6
vacuum at room temperature for 2 days. Figure 2d is a histogram h (scale bar= 20 um).

of the length measured from Figure 2c, where we found that the

mean length is 313 23 nm, which is significantly shorter than ;

I-MWNTSs. To check the dispersion of the s-MWNTSs in the PMMA are ﬁbserved n t_he &%I}AJVSJV;Ei\rmpIe, alnd ngarlyhno holes
bulk, we melt-mixed the PMMA with 0.5 wt % cMWNTs and at a ?re f_een fmzt he ¢ 1095"C Af?amp €, al.er ; € zsjrrr:e
sliced the samples into thin films (around 100 nm thick) at room annealing time 1o a - After annealing for '
temperature, using a Reichert-Jung Ultracut E microtome with a 2diacent holes in the control sample have coalesced forming
diamond knife. We floated the films from water onto copper grids droplet PS on the PMMA (see Figure 4d). In the case of the
and dried the sample in the vacuum at room temperature for 2 days.1% SMWNT, droplets have formed as well, although smaller

From Figure 2a and b, we clearly see that bothltMWNTs and in size. (From the figure, we see that the sample ettWNTs

the sMWNTSs have a good dispersion within the PMMA matrix. also has more holes on the surface, where each hole is nucleated
The major difference between the two is that tHdWNTs form on an agglomeration of short nanotubes (see Figure 4i).) Because
an overlapping network in the polymer matrix, while 8#IWNTs the interactions between the tubes and the polymer are not

are separated from each other without the formation of networks attractive, the particles phase segregate and agglomerate upon
in the PMMA bulk. dewetting as previously reported for films containing carbon
black by Sharma et dlThe decreased rate of hole growth in
this case can also be attributed to the higher density of holes,
We first investigated the qualitative influence of varying the which overlap at a much earlier time. On the other hand, the
length of MWNTSs on the dewetting dynamics of polymer films. long nanotubes are entangled and cannot move and form
In parts a and b of Figure 3, we show optical microscope images agglomerations within the matrix. The small amount of nucleat-
of the dewetting holes produced in the PS films floated on the ing centers observed in these films corresponds to the impurities
PMMA substrates and annealed at 195 for 2 and 4 h, seen in the sample in Figure 2a. Even though we purified these
respectively. After 2 h, fairly large holes have already formed nanotubes, a small amount remained, which segregated to the
in the control sample, which continue to grow with annealing surface. In the case of the 1IBMWNT samples annealed for
time. For the 1%l-MWNT filled samples, we find that the 24 h (Figure 4e), the holes are now well defined. As compared
dewetting holes do not appear until approximat8l h of to Figure 4g, which is annealed for 72 h, we see that they
annealing at the same temperature (see Figure 3c), and therontinue to grow very slowly. Hence, the nanotubes modify
they open at a much slower rate and are still quite small even the effective viscosity of the lower layer, rather than affecting
after 6 h ofannealing. From Figure 3e and f, we can see that in the degree of compatibilization. This can be further seen in the
the case of the 1%-MWNT filled samples, we do not observe contact angle measurements. The Young’'s contact module is
large holes after 3 h, but the surface of the film has rougheneddirectly related to the interfacial width between the polymers.
considerably. Closer examination with higher resolution indi- Here, we see that the final contact angles at equilibrium are
cates that many small holes have opened and the rough areasearly the same among all of the samples, and hence the
correspond to overlapping rims. presence of the tubes does not affect the chemical potential or

The microscopic structure of the holes was studied using the degree of miscibility between the polymers.
atomic force microscopy. In the first row of Figure 4, we show  To calculate the viscosity of the bottom layer, the average
topographical AFM images of samples annealed for 2 h. From diameters were measured from 8 to 10 holes and plotted as a
the figure, we can clearly see that the control has the usual holesfunction of the annealing timet)( According to the model
surrounded by rims. Much smaller holes with overlapping rims developed by Brochard-Wyart et the dewetting velocity\()

Results and Discussion
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Figure 4. AFM images of dewetting holes of PS films on the PMMA substrates unfilled and filled witlsM%NTs andl-MWNTs annealed
at 195°C for (a—c) 2, (d—f) 24, and (g) 72 h, and (hk) their corresponding LFM image (scale bar2 um).

in the liquid/liquid system depends on the relative viscosities 20f =" PMMA

of the PS and PMMA layers, respectively denotedyasand < Is ggﬁz/‘}&w

e, the surface and interfacial tensiopa( ys, andyas), and Z15F0 05% -MWNT

the thickness of the bottom and top laydrsnde, respectively. 5 A 1%L

When two liquids slide along each other, the energy is dissipated D 10l

in the less viscous layer. In this case, the viscosity of the upper IS

PS layer isya = 8.0 x 10 Ns/cn?, and that of the lower g st

(unfilled) PMMA layer isyg = 1.2 x 105 Ns/cn®, or yalys ~ ° ; : g
7 x 10° at 190°C.181° Hencena >> ng, Where the bottom S : )

layer behaves like a liquid and the dewetting hole growth is T 00 1X10° 2x10° 3x10° 4%10° 5x10°

governed byg. Therefore, the PS and PMMA will be referred
to the “probe” and “test” layers, respectively. For this case,
Brochard-Wyart et at.show that ifL is smaller than the rim

Anealing Time (sec)

Figure 5. Dewetting hole diameter of PS/PMMA bilayers as a function
of I-MWNT mass fraction and annealing time at 195. The solid

width (l) the hole diameterR) is expected to grow with?® symbols are the actual data annealed at different times, and the solid
according to lines are the best fits to eq 1.
2129 |18 The contact anglef) was measured from the slope of the
R= 7Y 23 (1) profile close to the contact line. Figure 4d is the AFM
77329 topography image of the PS droplets on the PMMA layer at
the late dewetting stage, where we find thatis 1.6 + 0.3".
and the velocities are then calculated to be 1% s-MWNT and 1%I-MWNT filled Samples also have nearly
the same contact angle 64 = 1.5+ 0.4° and 1.6+ 0.4°,
),2|_29 13 respectively.fg can be obtained by substituting the known
= 5 & 13 ) values foryag, ya,?t and the measured values oy into eq 3,
g€ andf. (=0 + 0g) was then substituted into eq 1 and fitted to
the hole growth data. Figure 5a shows the dependence of the
wherey is the effective surface tension obtained frony ¥ concentration of th& MWNTSs on dewetting hole growth as a
1/ya + llyas and 6. is the equilibrium contact angle. From  function of the annealing time at 198. As can be seen in the
the classical Neuman constructigh,can be obtained bg§e = Figure 6a, good fits are obtained with the theoretical power law,

Oa + O, Whered, is the equilibrium apparent contact angle and the holes grow a3 for all of the cases. From the figure,
and 6z is the Neuman angle below the liquid/liquid interface. we also clearly see that the hole diameters grow more slowly
0s is allowed to be calculated from the Neuman equaffon, as the concentration of theMWNTSs increases under the same

. . annealing condition. As we show later, the interactions between
Yag SINOg =y, sinG, 3 the nanotubes and the polymer matrix are negligible and the
polymer chains move freely; therefore, we do not believe that

In this study, we fixed the thickness of the bottom layer to be the hindrance is due to any pinning effegts.

1100+ 50 A, while the lateral size of the rim was approximately The effective viscosityrfe) of the test layers can be calculated
2.5 um. Henc, all samples met the requirements for the thin as a function of the nanotubes concentration from fits of eq 1.
liquid substrate regime. The results for both-MWNTs ands-MWNTSs are plotted in
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Figure 6. Thin film viscosity derived from dewetting measurement
as a function of the concentration of nanotubes. 107"°
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Figure 6a as a function of the weight fraction of bb#WNTs q (Al)

ands-MWNTSs, where we can see that at concentrations as low z

as 0.2%,7. begins to increase sharply till it becomes ap- Figure 7. Typical neutron reflectivity data from the PMMAPMMA
proximately 30 and 4 times higher for theMWNT the bilayer films with 0.2% ofl-MWNTSs in both top and bottom layers

_ - (schematic of the sample geometry was shown in the inset), annealed
s-MWNTs, respectively, as compared to the control sample at at 138°C as a function of time. The solid lines are the best fits to data.

a concentration of 1%. This sudden change in the viscosity, consecutive reflectivities have been offset from each other for clarity.
followed by a plateau, can be interpreted as corresponding to a

rheological percolation threshold above which the nanotubes O PMMA | ' '
physically hinder the motion of polymers, even in the absence 80-e PMMA +0.15% s-MWNT .
of attractive surface interactions. Hough et al. and Du &t#. A PMMA +0.15 % -MWNT

have used a power law relation between the viscosity and the i
mass fraction of the fillers: 60+ 1

e 0 (m—m*)” (4) af.(.« 401
o
<]

wherem is the MWNT mass fractionmn* is the percolation

threshold, and is the percolation exponent. The solid lines in 20

Figure 6 are fits to eq 4 where we obtain nearly the same value _ j

of m* = 0.01% forl-MWNT ands-MWNT samples; however, 300 400 500 600 700 800

the percolation exponents,= 0.87 and 0.36 for the MWNT 0 : : : ALY

and sMWNT samples, are very different, indicating that 100 150 200 250 300

I-MWNTSs are much more effective thasMWNTs at enhancing t'? (sec'?)

the viscoelastic response. Examining the TEM images, we _ )

therefore postulate that this difference would be ascribed '[o.thegf'gtﬁree a?{ nggl?ngqisn:g%gtTé%sfgﬁggdp‘ﬁw?&gﬁ&log”t;';esr%‘%rse root

formation of a nanotube network, as shown in Figure 2, which nfilled and filled with 0.2% ofl-MWNTs andsMWNTSs. The inset

can only be formed by thé&MWNTs that can effectively depicts corresponding scattering length density profiles as a function

entangle with each other. TiseMWNTSs can still pose physical  of the annealing time.

obstacles to the motion of the polymers, but because these

nanotubes are not entangled, they are more mobile and henc@nnealing, the reflectivity profile shows several distinct fringes

not effective at preventing long-range maotion. with a periodicity corresponding to the thickness of the
To further investigate whether the mechanism is purely one deuterated bottom layer. According to the fitted SLD profile,

of mechanical hindrance, we also investigate the effect of the the initial interface is sharply defined as shown in the inset of

MWNT on the tracer diffusion dynamics of isolated chains. Figure 8. As the sample is annealed, the interface of the bilayer

Increased viscosity can also occur when attractive interactionsbegins to broaden till only a uniform frequency becomes visible,

exist, which can pin the polymer chains to the surface of the as thedPMMA has now diffused uniformly into both layers.

nanofiller. Hence, we chose to directly measure the effect of Inthe case of the Fickian diffusicthe interface is expected

nanotube concentration for both short and long MWNTSs on the to broaden with a scaling of one-half of tim&g = 2(Dt)'2,

tracer diffusion coefficient of the polymer chains, using neutron whereD represents a diffusion coefficient, atdr = (02 —

reflectivity. Figure 7 shows the neutron specular reflectivity c0?)'2, whereo is interfacial rms roughness ang is initial

profile for a bilayer sample (inset) consisting of PMMA (85K) rms roughness of the interface. In FigureA8; was plotted as

film floated on top of a layer spun-cast on Si and consisting of a function of the square root of annealing time at 288for

60 wt % of PMMA (85K) and 40 wt % oflPMMA (86.5K) the PMMA/MPMMA bilayer samples unfilled and filled with

film. Both layers, in each sample, were loaded with 0.2% of 0.2% ofsMWNTs andl-MWNTSs in both top and bottom layers.

either long or short MWNTs annealed in situ at 138 for As can be seen in the figurdo scales linearly to the square

different times. A control sample without nanotubes was also root of time in all of the cases. From the slope of the fitted

annealed and measured under the same conditions. The thicknedie, D is determined and tabulated in Table 2 where we find

of both layers in each sample was greater than 5 times the radiughatD is unaffected by the addition of the nanotubes regardless

of gyration Ry) to ignore the effect of the polymer/substrate of their length. Because both the long and the short nanotubes

interaction on the interfacial dynamics at the center of the have the same surface functional groups, we can therefore

sample??222 The data are shown in Figure 7, where the solid conclude that the interactions between the nanotubes and the

lines are fits to the profiles shown in the inset of Figure 8. Before PMMA chains are not significant.
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liquid dewetting regime is determined from dewetting velocd). .
Because the hole diameteR)(is larger than the network mesh size 10 T T T T
(&), the nanotubes act as the physical obstacles during the dewetting. A48aaa0 (b)
Therefore, dewetting hole growth slows down, leading to the decrease ----.....fff%%%
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polymer melt where black circles correspond to chain entanglements. 0 " .ﬁ%
If the lattice constant of the nanotubek) (is longer than the s "=t
entanglement lengtldy), the motion follows the simple reptation model ~ -'ﬁe
where diffusion dynamics is unaffected by the nanotube networks. = , =,
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Table 2. Summary of the Diffusion Coefficients D) of PMMA/ o PMMA+s-MWNT (1 %) '26
dPMMA Bilayers with the MWNTs A PMMA+I-MWNT (1 %) L]
mass annealing D ] 5 o~ ")
fraction (%) temperature°C) (x10715cni/s) 10 10 ( d/1§] 10
o (rad/s
PMMA 0 138 221 )
SMWNT 0.2 138 2.07 Figure 10. Master curves for the frequency dependence of (a) the
I-MWNT 0.2 138 221 storage modulug¥’) and (b) the dynamic viscosityy() for the PMMA

bulks unfilled and filled with 1% of mass faction sfMWNTs and
The difference between the dewetting experiments and the!-MWNTs. Rheology performed at 200 and 0.5% strain.
diffusion experiments can then be understood in terms of the ) ] ]
mesh size of nanotube networks. Hough ediave theoreti- To determine the viscosity, the loss modul") was
cally calculated the mesh size of nanotube networks with the Measured and the dynamic viscosity & G"/w) was plotted

simple equatiort = ~/3/26d.. by assuming a cubic network, 25 & function of frequency in Figure 10b. The zero.shear
forn?ed t?y infirrftely Iongpc%lrbzn nanotuges of diamethr viscosity 7o) was then extrapolated from the data frgfmin

whose mesh size varies as the volume fraction accordiryg to the terminal regiort? where
= m/e wheree is the ratio of the densities of nanotube to
polymer. In our case, becaudg= 24 nm andy ranges from
2.8 x 1074t0 5.5x 1073, the corresponding range &is from _ _ _ ]
380 to 1690 nm. This value can then be compared to the and we find that, despite the larger differencesGh the
entanglement lengttug) of the PMMA matrices, which is given differences inyo were minimal between the filled samples and
by de < bN,, whereb is the statistical segment length € 7.4 the control.. _
R) andNe is the number of the monomer between entanglements  1he relative values ofjo can be also directly compared to
of the PMMA chains K. = 100)2526 Hence,d ( <74 nm) is the diffusion results through the Einstein relationsHip:
always much less thahfor all concentrations. If we take the T
nanotube network to be analogous to a cross-linked network D= Ks (5)
swollen by free homopolymer, then de Gerfiéss shown that 7okg/ G(M)F(M,v)
if the length of the entanglementdy) is less than the distance
between branch pointsll in the networks, the diffusion  whereG(M) depends on the entanglement molecular weight and
dynamics are independent of the gel network (satisfying the F(M,v) is a function of the microstructural parameters of the
simple reptation model). Our samples are also in the regime polymer. From the diffusion and bulk rheological results, we
whered, < I, and the chain motion is mostly governed by the find that bothD and 7, are consistently unaffected by the
entanglements of chains rather than the nanotube networks (se@resence of the MWNTSs regardless of their length because the
Figure 9b). On the other hand, it is well kno¥#8that even a interactions between the nanotubes and the PMMA matrix are
small amount of cross-links can greatly affect the overall chain at best very weak.
mobility of the matrix where long-ranged motion occurs. Finally, we also investigated the underlying morphology of
To probe this effect further, we also performed rheological the dewetted PMMA films after removing the top PS layer with
measurements on bulk samples of PMMA containing both short cyclohexane. Li et a* have recently shown that when the shear
and long MWNTSs. Figure 10a shows the storage modulus at rate,y (=V/L), of the dewetting layer is faster than the reptation
200 °C as a function of the frequencw] for a 0.5% strain time (z) of the test layer, melt fracture can occur similar to the
deformation of unfilled and filled samples with either 1% Sharkskin phenomenon observed for rapid extrusion in the bulk.
S-MWNTs or 1%I-MWNTs. From the figure, we can clearly In the unfilled sample, we clearly see that the opening holes
see that even though both types of nanotubes enh@hee have produced a depression in the substrate (see Figure 11a),
low frequencies, the effect is larger for theVIWNT filled similar to the melt fracture observed previously by Li efal.
samples. A similar enhancement Gf for long SWNTs was and Qu et af? The degree of melt fracture is much smaller in
reported by Du et ak? who attributed this behavior to nanotube the sample with the 1%MWNTs (see Figure 11b) and
network formation, as well. completely eliminated in the sample with the I%IWNTs
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